The effects of four root-volume restrictions (1, 6, 16, and 26 L per plant) and water and salinity stresses on the yield and quality of processing tomato (Solanum lycopersicum Mill. 'NDM051TM'), including the γ-aminobutyric acid (GABA) content, were investigated under open-field and greenhouse conditions with a fertigation system. In open-field conditions, salinity treatment of EC 5 dS/m in nutrient solution did not increase the total soluble solids (TSS) or GABA content. In salinity treatment of nutrient solution (EC 7 dS/m), TSS (Brix %) was 57% higher and GABA content was 22% higher than non-salinity treatment in a greenhouse. Under open-field conditions, salinity treatment (EC 7 dS/m) and the soil water level of pF 2.7 increased the TSS, but only to 7.0 Brix %, lower than that observed under the salinity-stress conditions in a greenhouse. In addition, salinity stress did not increase the GABA content of tomato fruits under open-field conditions, but tended to increase TSS and GABA under salinity stress with 1 and 6 L root-volume restriction treatment than in 16 L and 26 L treatment. In addition, root-volume restriction suppressed the growth of shoots, especially lateral-shoot elongation, and also decreased the number of tomato fruits produced, but the effects of root-volume restriction on fruit yield were less than salinity stress.
Introduction
Most studies on the improvement of processing tomato fruit quality in Japan have focused on the sugar content, acidity, and color of the fruits (Seyama and Abe, 1977) . Honda and Yasui (1976) reported that increasing the amount of nitrogen applied had little effect on the fruit quality, but reducing the soil water increased the total soluble solids (TSS) and titratable acidity. Monma and Kamimura (1982) demonstrated a positive relationship between fruit sugar content and total lateral shoot length while the fruit yield per lateral shoot length was negatively correlated with the sugar content.
In tomato, salinity and water stress in the root zone are known to improve the fruit quality by influencing the content and composition of soluble sugars, organic acids, and some amino acids (Adams, 1991; Cuartero and Fernandez-Munoz, 1999; Saito et al., 2006a; Sakurai and Oyamada, 1995; Zushi and Matsuzoe, 1998) . Sakurai and Oyamada (1995) reported that root zone restriction with a polyester sheet improve TSS and acid content with a decrease of fruit yield. Yamasaki (1999) also reported that restricting the root volume of tomatoes, using non-woven fabric, simplified the management of water in the root zone, thus improving the fruit quality. The use of root-volume restriction can improve the quality of tomato fruit produced using drip fertigation. Suzuki et al. (1976) reported that tomato fruits have the highest γ-aminobutyric acid (GABA) content among vegetable crops. Furthermore, GABA, along with glutamate, is a major amino acid in tomato. Previous studies have shown that GABA can reduce blood 166 pressure in both experimental animals (Abe et al., 1995; Aoki et al., 2003; Shizuka et al., 2004; Takahashi et al., 1955) and humans (Elliott and Hobbiger, 1959; Inoue et al., 2003) . Recently, GABA has received attention in Japan as a potential dietary factor with an antihypertensive effect (Yamakoshi et al., 2007) . Therefore, increasing the GABA content could improve the value of processing tomatoes and derived products such as tomato juice and ketchup. Tomato products, such as ketchup, are popular, so improvement of the quality of processing tomatoes will have a ripple effect on health.
Drip fertigation is a cultivation method where nutrients are supplied to plants simultaneously (Mohammad et al., 1999) . This method reduces labor, management and environmental load (Kimura, 1999) . As discussed earlier, under stress conditions in the root zone, certain tomato fruit qualities can be improved, including the TSS and amino acid content. Drip fertigation can be used to control the root conditions, providing optimal stress levels and improving the fruit quality in soil culture. The GABA content of the plant body also increases when the plant is exposed to environmental stresses (Shelp et al., 1999; Kinnersley and Turano, 2000; Bouche and Fromm, 2004) .
In this study, to improve the quality of processing tomato fruits, the effects of root-volume restriction and salinity treatment on the fruit sugar and GABA contents of processing tomatoes grown using drip fertigation were investigated.
Materials and Methods

Plant materials and growing conditions
Experiments were conducted from 15 March to 31 August 2006 (experiment 1), 11 July 2006 to 31 January 2007 (experiment 2), and 26 July 2006 to 13 November 2006 (experiment 3). For all experiments, seedlings were raised in a greenhouse. The processing tomato line (Solanum lycopersicum Mill. 'NDM051TM', Nippon Del Monte Co., Japan) was sown in cell trays containing moistened substrate (Metro-Mix 350, Sun Gro Horticulture Distribution Inc., British Columbia, Canada). 'NDM051TM' was the standard line in our previous experiment screening tomato varieties for high-GABA fruit (Matsukura et al., 2007) . The seedlings were irrigated by water or a commercial nutrient solution (Youekidokou No. 5, Otsuka Chemical Co., Ltd., Osaka, Japan) diluted 1000-fold, and grown until four true leaves were fully opened in a greenhouse. During the growth of seedlings, as the air temperature increased up to 25°C, the top vent was opened. Thereafter, they were transplanted to their respective experimental fields. When the first flower opened in the first truss of each plant, pollination was promoted by a vibrator. All lateral shoots were allowed to grow.
In experiment 1, the seedlings were separated into two equal groups. One group of seedlings was transplanted into black polyvinyl pots (13.5-cm diameter) as a control (non-root restriction treatment; NR), and the other into similar pots, but with a portion containing root-barrier sheets made of non-woven fabric to prevent root growth for root volume restriction treatment (RR). When the first flower in the first truss opened on 26 May 2006, the seedlings were transplanted into the open field after removing the polyvinyl pots at the Agriculture and Forestry Research Center of the University of Tsukuba. For all treatments, plant spacing was 40 cm and row width was 120 cm, resulting in a plant density of 147 plants/a. When the seedlings were transplanted, the soil electric conductivity (EC), pH (KCl) and CEC were, 0.114 dS/m, 5.28 and 24.7 meq/ 100 g, respectively. The plants were supplied with a commercial nutrient solution (Youekidokou, No. 5 until the fourth-truss flowers opened, followed by type No. 2), nutrients of N : P 2 O 5 : K 2 O of 1.7 : 2.8 : 2.8 kg/a were supplied until the end of this experiment. A nutrient solution was supplied to each plant by an irrigation tube (Rain Tape, Rain Bird Co., USA) several times a day and an average of 1.078 L nutrient solution was supplied to each plant. For the salinity treatment (S), NaCl was added to the standard nutrient solution (averaged EC level of 1.5 dS/m) for non-salinity treatment (NS) to obtain an EC level of 5.0 dS/m. There were four salinity treatments with root restriction, in which twelve plants were used per treatment.
In experiment 2, the seedlings were transplanted into black polyvinyl pots (13.5-, 24.0-, 30.5-, and 36.0-cm diameter, with root volumes of 1, 6, 16, and 26 L, respectively) in a greenhouse. For the control treatment irrigated by standard nutrient solution (NS), plants were treated with a commercial nutrient solution (Youekidokou No. 5) diluted 750-, 1000-, or 1250-fold. The EC of the soil water remained in the range of 1-2 dS/m as measured by extraction using a soil-water sampler (DIK-8392, Daiki Rika Kogyo, Co., Ltd., Saitama, Japan). For the salinity treatment, plants were treated with standard solution with added NaCl (approximately 50 mM) to obtain an EC level of 7.0 dS/m. For all treatments, each plant was irrigated with 1 L of solution per day by electrical pumps in an open drainage system. There were eight salinity treatments with root volume restriction treatment, in which eight plants were used per treatment. During this experiment, as the air temperature increased up to 25°C, the top vent was opened. From November, heating was started using a fan heater (HK-160S, NEPON Inc., Japan), as the minimum air temperature was set to remain at more than 10°C in the greenhouse.
In experiment 3, seedlings were planted in an open field at the Agriculture and Forestry Research Center of the University of Tsukuba. Root volume was restricted using root-barrier sheets made of non-woven fabric. The root-barrier sheets were laid about 15 cm deep under ridges about 30 cm wide. For transplanted seedlings, spacing was 120 cm between ridges, and 40 cm between plants, restricting the root volume to 18 L. A commercial nutrient solution (Youekidokou No. 5) diluted 333-fold was supplied from planting (8 September) to the flowering of the third truss (16 October), and then nutrient solution (Youekidokou No. 2), diluted 333-fold, was supplied to tomato plants until the end of the experiment. In addition to the nutrient solution, the plants were irrigated with water. In the control treatment, without water and salinity stress, irrigation was carried out to the maintain soil water content near 2.0 pF (R-2.0). For water stress treatment, irrigation was carried out to maintain the soil water content above 2.7 pF (R-2.7). The plants in the salinity stress treatment (R-S) treatment were provided with water containing NaCl (approximately 70 mM, EC of 7.0 dS/m), when irrigation was carried out to maintain the soil water content above 2.0 pF. Irrigation was performed every two hours from 7:00 to 15:00. At each irrigation, the soil water content (pF) was monitored using pF sensors (DM-8M, Takemuradenkiswiakusho Co., Ltd, Japan). There were three treatments, R-2.0 (control), R-2.7, and R-S, with eight plants per treatment. Plants were randomly assigned to treatments.
Shoot growth analysis
At the end of experiment at cultivation, plant shoots were sampled (n = 6 in experiment 1, and n = 3 in experiments 2 and 3), and then the shoot fresh weight, stem height and lengths of lateral shoots were measured. In experiment 2, an overhead image of the plant body was recorded, and the projected leaf area in each image was determined using image-analysis software (Scion Image, Scion Corporation, USA.).
Fruit yield and quality analysis
Four fruits were harvested from the first lateral shoot, when the color of the fruit skin had totally turned to red, and then TSS and GABA were measured. In all experiments, the total weight and number of harvested fruits were recorded, and the four fruits were analyzed for total soluble solids and GABA content. In experiment 3, the GABA content of four mature green fruits, harvested from the main shoot, was also analyzed. The total soluble solids content of juice extracted from cut fruits was determined using a hand refractometer (N-20E, Atago Co., Ltd., Tokyo, Japan). For GABA analysis, a harvested tomato fruit was finely ground for 30 seconds to puree using a stainless steel blender in liquid nitrogen and stocked at −80°C until assayed.
The GABA content of fruits was analyzed enzymatically using GABase (Sigma-Aldrich Co., MO, USA). GABase contains both GABA-transaminase (GABA-T, EC 2.6.1.19), which catalyzes the reversible conversion of GABA to succinic semialdehyde (Bouché and Fromm, 2004; Shelp et al., 1999) , and succinate semialdehyde dehydrogenase (SSADH, EC 1.2.1.16), which catalyzes the irreversible oxidization of succinic semialdehyde to succinate. A sampling of 50 mg of frozen fruit was suspended in 500 µL of 8% trichloroacetic acid (TCA). After vortexing for 30 seconds, the sample was centrifuged for 20 min at 4°C, and then 300 µL of the supernatant was transferred into a new tube. The sample was washed twice with diethylether to remove the TCA. For the GABase assay, the extracted sample solution was mixed with a reaction buffer (85 mM potassium pyrophosphate pH 9.0, 1 mM 2-mercaptoethanol, 500 µM NADP, and 620 µM α-ketoglutarate) and GABase solution (diluted with sterilized water to 5 units/L) at a ratio of 20 : 166 : 1. The reaction mixture was incubated for 1 h at 37°C, and then the A 340 was measured.
Soil water analysis
During experiments 2 and 3, the soil water was sampled once per week using a soil-water sampler (DIK8392, Daiki Rika Kogyo Co.), and EC of the sampled water was measured. In experiment 2, the soil water content was monitored using a soil-water sensor (Watermark Soil Moisture Sensor, Spectrum Technologies Inc., USA).
Results
Shoot growth, fruit yield, and fruit quality (experiment 1)
Root-restriction treatment (RR) decreased the shoot fresh weight to half that of the non-root volumerestriction treatment (NR) ( Table 1 ). In addition, salinity treatment (S) suppressed the elongation of the main stem. The effect of root restriction was greater in lateral shoots than the main shoot, which weighed 58% of the NR treatment; however, S treatment had no effect on lateral shoot elongation.
RR treatment resulted in small fruit fresh weight, but salinity had no effect on the fruit fresh weight (Table 1) . Additionally, S treatment and RR treatment had little effect on the TSS (Brix %); only the GABA content showed a significant increase under root-restriction treatment.
Shoot growth and fruit yield (experiment 2)
The effects of salinity treatment and root volume on the shoot growth and fruit yield in experiment 2 are presented in Table 2 . As the root volume of the plant decreased, the shoot fresh weight decreased significantly, especially in the 1-and 6-L root volume-restriction treatments; however, salinity treatment had no effect on the shoot fresh weight irrespective of the root volumerestriction treatment. The main stem height was not affected by either treatment. There was no significant interaction between salinity treatment and root volumerestriction treatment on shoot growth. The projected leaf area and the total lateral shoot length were reduced by both salinity treatment and root-volume restriction.
The fruit yields in the salinity treatments were 72, 53, 40, and 42% lower in the 1-, 6-, 16-, and 26-L root volumes than that in the control (non-salinity) treatment, respectively. Both root-volume restriction and salinity treatment could inhibit the fresh fruit weight; however, under salinity stress, the averaged fresh fruit weight was 42% lower than in control (non-salinity) treatment, and the inhibition level of salinity stress on fruit weight was greater than root volume-restriction treatment. The number of fruits harvested per plant was affected by root-volume restriction, especially with salinity treatment; the numbers of fruits obtained in 6-and 1-L treatments were 60 and 15% those obtained with the 26-L treatment, respectively.
Fruit quality (experiment 2)
The TSS content was significantly increased by salinity treatment at all root volume-restriction levels; the average value was 57% higher in the salinity treatment than in the control. There was a tendency for GABA content to increase by salinity treatment, especially 6 L treatment, in which it became about 60% higher than in the control (non-salinity) (Fig. 1) . On the other hand, restriction of root volume slightly increased the TSS, and but tended to increase the GABA content of fruits in 1 and 6 L root volume restriction treatment under salinity conditions.
EC of soil water (experiment 2)
The EC of the soil water extracted from 6-, 16-, and 26-L root volumes in both salinity treatments was measured during cultivation (Fig. 2) . The EC values of samples that had not received salinity treatments were below 1.0 dS/m during cultivation. However, salinity treatment increased the EC in the soil water to greater Table 1 . Effects of salinity treatment and root restriction on shoot growth and fruit yield.
z Values are averages (n = 4). y NS, *, **, and *** denote non-significant or significant differences at p = 0.05, 0.01, or 0.001, respectively, as determined using the two-way ANOVA. x NR and RR means non root volume restriction treatment and root volume restriction treatment, respectively. Table 2 . Effects of salinity treatment and root volume on shoot growth and fruit yield.
z Fresh frruit weight was calculated from fruit yield and fruit number. y Values are averages (n = 3 for shoots; n = 6 for fruits).
x NS, *, **, and *** denote non-significant or significant differences at p = 0.05, 0.01, or 0.001, respectively, as determined using the two-way ANOVA. 
Shoot growth and fruit yield (experiment 3)
Water and salinity stress tended to reduce the shoot fresh weight as compared to the control R-2.0 treatment (Table 3) . No significant differences in stem height or lateral shoot length were observed among the treatments. The fruit yields were 31 and 45% decreased in R-2.7 and R-S treatments, respectively, as compared to R-2.0 treatment. The number of fruits per plant was also reduced by either of the stress treatments.
Fruit quality (experiment 3)
The effects of root-volume restriction, water and salinity stress on fruit quality are shown in Fig. 3 . The total soluble solids were 21% higher in R-2.7 and R-S treatments than in the control R-2.0 treatment. In all treatments, the GABA content of mature green fruit was approximately 100% higher than that of mature red fruit, and was significantly affected by neither water nor salinity treatments. At the mature-red stage, the GABA content of the fruits was 33% higher in the R-2.7 treatment than in the R-2.0 treatment.
The EC of the soil water extracted in the R-S treatment increased to 1.5 dS/m from 42 days after planting, and remained at this level until the end of cultivation. In contrast, the EC in the other treatments was lower, with a value of 0.5 dS/m during the experiment (data not shown).
Discussion
In experiment 2, salinity treatment resulted in increased TSS and GABA contents in tomato fruits. In our previous experiment (Saito et al., 2006a) , under NFT conditions, salinity treatment induced increased tomato fruit TSS with a concomitant decrease in fruit size. In Fig. 1 . Effect of salinity treatment and root volume on the total soluble solids (A) and γ-aminobutyric acid concentration (GABA, B) of mature tomato fruits (experiment 2). Vertical bars indicate SE (n = 4). Fig. 2 . Changes in the EC of soil water in salinity and root volumerestriction treatments (experiment 2). Soil water was extracted using a soil-water sampler. No data are available for 1-L treatment because the soil volume was too small to obtain sufficient soil water for testing. Vertical bars indicate SE (n = 2). Table 3 . Effects of root volume restriction or water and salinity stress on shoot growth and fruit yield.
Values are averages (n = 3). R-2.0 and 2.7 showed pF value to start water irrigation, and R-S means the salinity stress treatment. z Different letters within a column indicate significant differences by Turkey's HSD test, p < 0.05. y NS and ** denote non-significant and significant differences at p = 0.01, respectively. (Table 2) . Ehret and Ho (1986) and Sakamoto et al. (1999) reported salinity-related improvements in fruit quality; the high concentrations of quality constituents may be due to salinity stress strongly inhibiting water uptake by the roots, resulting in decreased water influx into the tomato fruit. Zushi et al. (2005) also reported that tomato plants under water and salinity stresses produce fruits with a high GABA content; however, in experiment 3, salinity treatment in the open field increased the fruit TSS, but only up to 7.0 Brix (%), lower than that observed under salinity stress in experiment 2. Salinity stress did not increase the GABA content of tomato fruits under openfield conditions. In experiment 2, soil EC under the salinity treatment was 2-3 dS/m. In contrast, the maximum soil EC in the salinity treatment of experiment 3 was only 1.5 dS/m. In our previous experiment, which used nutrient solutions with EC levels from 8-10 dS/m, tomato fruits had high TSS (Saito et al., 2006a) . Yurtseven et al. (2005) demonstrated that irrigation water with a low salinity level (2.5 dS/m) had no effect on the TSS of tomato fruit under greenhouse conditions. In our present study, the EC level of 7.0 dS/m reached in the salinity treatment under open-field conditions in experiment 1 was not sufficient to improve fruit quality. To improve processing tomato fruit quality in the open field using fertigation with salinity treatment, tomato plants must be exposed to greater salinity stress and restriction of the root system. Mahajan and Singh (2006) reported that a greenhouse environment could improve the TSS of tomato as compared to the outside environment. It may be easier to control fruit quality under greenhouse conditions by applying saline conditions, because there is less movement of soil water in the greenhouse than in the open field.
When using a drip-fertigation system, the effect of the root volume on fruit quality was small. Restricting the roots to volumes of both 16 and 26-L had no significant effect on the TSS or GABA content of tomato fruits (Fig. 1) . On the other hand, 6-L treatment had a little effect on improving the TSS and GABA content especially in salinity conditions; however, 1-L root volume caused increased TSS, but also greatly decreased the fruit yield ( Table 2 ). As shown in Figure 2 , 6-L root volume-restriction treatment tended to increase soil EC under salinity conditions. Less volume of soil substrate saturated with salinity solution could promote the TSS and GABA content in tomato fruits. Restricting the root volume suppressed the shoot growth of this processing tomato, especially lateral shoot elongation (Tables 1 and  2 ). In a processing tomato, both the main shoot and lateral shoot produce fruits, and the decrease of the number of lateral shoots induced by restricting the root volume could reduce the number of processing tomato fruits. According to Bar-Tal et al. (1995) , water deficit is not the main factor reducing the growth of rootrestricted plants. In their experiment, tomato plants subjected to root restriction showed a higher transpiration rate than those with unrestricted roots. In our experiment, root volume-restriction treatment drastically reduced the shoot growth of tomato; however, the effects of salinity and water stress on the shoot growth of this line were small. Therefore, a different mechanism might be involved in the suppression of shoot growth in root growth-restricted tomato plants. For example, cytokinin promotes the growth of lateral shoots (Nagao and Rubinstein, 1976) . The root is one of the organs in plants where cytokinin synthesis takes place. Root-volume restriction could cause physical stress, resulting in low growth through phytohormone control.
Although root-volume restriction decreases the fruit yield per plant, it is possible to increase the yield of processing tomato fruits grown at high plant density. The root volume of a processing tomato 'NDM051TM' appears to have a greater effect on shoot growth than salinity stress (Tables 1 and 2 ). Root-volume restriction decreased lateral shoot elongation and the projected leaf area in experiments 1 and 2. These results suggest that it is possible to increase the planting density while using root volume-restriction treatment. We evaluated the effects of salinity and planting density on the yield and TSS of tomato fruits grown using the NFT system (Saito et al., 2006b) . A 42% increase in the planting density induced a 34% higher fruit yield with no negative effects on fruit quality.
In a drip-fertigation cultivation system, salinity and water stress appear to cause increased TSS and GABA content in the fruit of processing tomatoes grown under greenhouse and open-field conditions, but root volume restriction had no effect on TSS and GABA content under stress conditions. On the other hand, salinity and water stress decreased fruit yield. Root-volume restriction treatment decreased fruit yield but its effect was less than salinity stress. In addition, root-volume restriction had some effects on improving the TSS and GABA content under salinity conditions. To obtain both high quality and high yield, salinity or water stress treatments could be combined with a high planting density from a small shoot size induced by root-volume restriction.
